To overcome the limitations of conventional analysis of male fertility in animals and humans, proteomic studies have been performed to develop fertility-related biomarkers for prognosis and diagnosis of male fertility. However, the studies were focused on specific species or breeds. Therefore, a study is required to validate whether fertility-related markers would apply to other breeds in pigs. In this study, previously developed fertility-related biomarkers from Landrace were validated to use for prognosis of male fertility in commercially available breeds. Expression level of eight biomarkers in non-capacitated and capacitated (C) spermatozoa from Yorkshire and Duroc boars was analyzed. And then, to explore the validity of these markers for prognosis of male fertility, i.e. litter size, artificial insemination was performed. Among them, RAB2A (NC) and UQCRC1 (NC) turned out to be highest efficient markers for Yorkshire. RAB2A (C) was most efficient marker for Duroc. Average litter size has increased as much as 1.41 live born after prediction using eight fertility-related biomarkers in Yorkshire. In addition, average 2.52 litter size was increased after prediction using eight fertility-related biomarkers in Duroc. Average litter sizes were especially highly increased after prediction of fertility using RAB2A (NC) in Yorkshire (1.57 piglets) and TPI (NC) in Duroc (3.14 piglets), respectively. As a result, all biomarkers were significantly correlated with litter size. However, overall accuracy to predict litter size in three breeds was different in response with each marker. Average litter size after artificial insemination was also significantly affected by marker selection. Therefore, this study suggests that developed fertility-related markers may be used for prognosis and diagnosis of male fertility irrespective of breed. However, selection of efficient markers for breeds should be considered to obtain more accurate and efficient outcomes.
INTRODUCTION
Artificial insemination (AI) is the most common and effective assisted reproductive technology for genetic improvement to maximize commercial production traits and profitability in contemporary swine production (Gerrits et al., 2005; Kim et al., 2011) . Selection of a superior sire is necessary for optimal AI. Various conventional semen analysis methods have been developed to understand the complicated mechanism of male fertility, including sperm morphology test, motility test, swelling test, etc (Park et al., 2012; Rahman et al., 2013 Rahman et al., , 2014 Kwon et al., 2014a,b) . However, conventional semen analysis methods appear to be inadequate for predicting male fertility (Braundmeier & Miller, 2001; Rodr ıguez-Mart ınez, 2003; Kwon et al., 2015a) . Therefore, the development of breakthrough methods for precise diagnosis and prognosis of the fertilizing potential of an individual male is very important.
Recently, attempts have been made to develop reproductive biomarkers using comprehensive proteomic approaches (Kwon et al., 2015b,d) . To date, two-dimensional electrophoresis (2-DE; iTRAQ, DIGE, etc) and mass spectrometry have been used to identify protein markers in various comparative studies [normal vs. malformed, immature vs. mature, capacitated vs. non-capacitated (NC) , low fertility vs. high fertility, cryopreserved vs. fresh spermatozoa, and good freezers vs. bad freezers] (Jagan Mohanarao & Atreja, 2011; Park et al., 2012; Xu et al., 2012; Vilagran et al., 2013; Kwon et al., 2014b; Wang et al., 2014; Vilagran et al., 2015; Rahman et al., 2016a,b) . However, most of these studies were species-or breed-specific and were conducted in an in vitro setting. In addition, the fundamental questions remain unsolved as to whether or not these predicted protein biomarkers correlate with the fertility of individual animals among different breeds.
Eight fertility-related biomarkers were identified in a comparative study of proteome levels between low-and high-litter size NC [Ras-related protein Rab-2A (RAB2A), Triosephosphate isomerase (TPI), NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 (NDUFS2), Calmodulin (CALM), and Mitochondrial malate dehydrogenase 2, NAD (MDH2)] and capacitated spermatozoa [RAB2A, Cytochrome b-c1 complex subunit 1 (UQCRC1), and Cytochrome b-c1 complex subunit 2 (UQCRC2)] in Landrace and evaluated in a field trial (Kwon et al., 2015b,d) . However, it has yet to be shown whether the findings are applicable in other breeds. Therefore, this study was planned to evaluate the correlations between fertility-related biomarkers and their field fertility in two commercially available pig breeds (Yorkshire and Duroc). Moreover, we tried to determine the sensitivity, specificity, and overall accuracy of each protein marker to better predict their correlation with in vivo fertility. In addition, we also evaluated whether the fertility-related biomarkers are capable of increasing the average litter size in Yorkshire and Duroc.
MATERIALS AND METHODS

Artificial insemination
Artificial insemination was performed in commercial greatgrandparent farms to produce purebred F1 (Yorkshire: Sunjin Co., Danyang, Korea; Duroc: Darby Co., Chungju, Korea). Temperature (20 AE 5°C), ventilation, and light were controlled to rule out seasonal effects during the study periods. Yorkshire and Duroc semen samples were collected using the gloved-hand technique twice per week (Almond et al., 1998) . The lower limit values for AI were calculated following criteria previously described (Kwon et al., 2015c) . Semen samples were diluted with commercial extender (Beltsville Thawing Solution) for AI (3 9 10 9 sperm cells/100 mL . It has been reported that litter size is usually lowest in the first parity sow, increases to a maximum between the third and fifth parity and remains constant/declines with older parities (Tummaruk et al., 2001 ). Therefore, in this study, we considered the sows only between the second and fifth parity. The insemination was conducted two times per estrus, with 3 9 10 9 spermatozoa being deposited in the cervix. The first insemination was performed within 24 h of estrus detection, and a second insemination 24 h after the first completed the whole course of AI. Yorkshire and Duroc sows were inseminated with randomly selected samples of Yorkshire and Duroc semen by well-trained technicians. All processes were performed according to guidelines for the ethical treatment of animals and were approved by the Institutional Animal Care and Use Committee of Chung-Ang University.
Sample preparation
Three different ejaculated semen samples (n = 3) from 20 randomly selected Yorkshire (average litter size 11.77 AE 0.24) and Duroc (average litter size 8.54 AE 0.42) boars were washed to remove seminal plasma and dead spermatozoa with a discontinuous [70% (v/v) and 35% (v/v)] Percoll gradient (Sigma, St Louis, MO, USA) at 500 g for 20 min (Flesch et al., 1999; Kwon et al., 2013a,b) . Capacitation was induced as previously described (Kwon et al., 2014b (Kwon et al., , 2015c . To induce capacitation, samples were incubated with modified tissue culture medium 199 [containing 10% fetal bovine serum (v/v), 0.91 mM sodium pyruvate, 3.05 mM D-glucose, 2.92 mM calcium lactate, 2.2 g/L sodium bicarbonate, and 10 lg/mL heparin; Sigma) for 30 min at 37°C under an atmosphere of 5% CO 2 in air. And then, capacitationinduced samples were washed once more with a discontinuous [70% (v/v) and 35% (v/v)] Percoll gradient (Sigma) at 500 g for 20 min to remove media for inducing of capacitation. Hyperactivated spermatozoa, curvilinear velocity, mean amplitude of head lateral displacement, acrosome-reacted spermatozoa, capacitated spermatozoa, and NC spermatozoa were significantly changed after inducing of capacitation (Table S1 ).
Western blotting
Western blotting was performed to detect fertility-related biomarkers from NC spermatozoa (RAB2A, TPI, NDUFS2, CALM, and MDH2) and capacitated spermatozoa (RAB2A, UQCRC1, and UQCRC2) in Yorkshire and Duroc. Briefly, the pooled semen samples from Yorkshire and Duroc boar were washed with a discontinuous [70% (v/v) and 35% (v/v) ] Percoll gradient at 500 g for 20 min. Capacitation was induced as previously described (Kwon et al., 2014b (Kwon et al., , 2015c . Capacitation-induced samples were washed once more with a discontinuous Percoll gradient to remove media for inducing of capacitation. Samples were washed twice with DPBS by centrifugation and resuspended in sample buffer containing 5% 2-mercaptoethanol. Proteins were separated by SDS-polyacrylamide gel electrophoresis using a 12% mini-gel system (Amersham Biosciences, Piscataway, NJ, USA) and were transferred to PVDF membranes (Amersham Biosciences). And then, the membranes were blocked with 3% blocking agent (Amersham Biosciences). The membranes were incubated with anti-RAB2A mouse monoclonal antibody (ab131568; Abcam, Cambridge, UK), anti-CALM mouse monoclonal antibody (05-173; Merck Millipore, Billerica, MA, USA), anti-TPI rabbit polyclonal antibody (orb7113; biorbyt, Cambridge, UK), anti-MDH2 rabbit polyclonal antibody (orb7113; biorbyt), anti-NDUFS2 goat polyclonal antibody (ABIN311018; antibodies-online.com, Atlanta, GA, USA), anti-UQCRC1 rabbit monoclonal antibody (LS-C145396; LifeSpan BioSciences, Inc., Seattle, WA, USA), and UQCRC2 rabbit polyclonal antibody (ab133798; Abcam) (1 : 10,000). Then, the membranes were incubated with horseradish peroxidase (HRP)-conjugated antimouse, anti-rabbit, and anti-goat IgG antibodies (Abcam) (1 : 10,000). Finally, proteins were detected with an enhanced chemiluminescence (ECL) technique using ECL reagents. UQCRC1, and UQCRC2 in the individual spermatozoa samples (C) was performed using enzyme-linked immunosorbent assay (ELISA; Kwon et al., 2015b,d) . Preferentially, the expression of biomarkers in Yorkshire and Duroc spermatozoa was confirmed by western blotting using particular antibodies (Fig. 1 ). To extract proteins in spermatozoa, samples (50 9 10 6 /mL) were incubated with rehydration buffer containing 7 M urea (Sigma),
, and 0.002% (w/v) bromophenol blue at 4°C for 1 h. And then the suspension was separated by centrifuged at 10,000 g for 5 min. Total protein concentration was measured based on the Bradford dye-binding method (Bradford, 1976) . Solubilized protein (50 lg/well) was coated onto Immuno 96-well plates and incubated overnight at 4°C. Then, the plates were washed 0.5% Tween-20 (PBST) and blocked with blocking solution [5% (w/v) BSA in DPBS containing PBST] for 90 min at 37°C. It has been reported that RAB2A, TPI, NDUFS2, CALM, and MDH2 were identified as fertilityrelated biomarkers from NC spermatozoa and RAB2A, UQCRC1, and UQCRC2 were as identified fertility-related biomarkers from capacitated spermatozoa in Landrace (Kwon et al., 2015b,d) . Therefore, the plates for NC samples were incubated with anti-RAB2A (ab131568; Abcam) and anti-CALM (05-173; Merck Millipore) mouse monoclonal antibodies, anti-TPI (orb7113; biorbyt) and anti-MDH2 (orb7113; biorbyt) rabbit polyclonal antibodies, and an anti-NDUFS2 goat polyclonal antibody (ABIN311018; antibodies-online.com) (1 : 10,000; diluted with blocking solution) for 90 min at 37°C. The plates for C samples were incubated with anti-RAB2A mouse monoclonal antibody (ab131568; Abcam), anti-UQCRC1 rabbit monoclonal antibody (LS-C145396; LifeSpan BioSciences, Inc.), and UQCRC2 rabbit polyclonal antibody (ab133798; Abcam) (1 : 10,000; diluted with blocking solution) for 90 min at 37°C. Then, the plates were incubated for 90 min at 37°C with HRP-conjugated anti-mouse, anti-rabbit, and anti-goat IgG antibodies (Abcam) that had been diluted with blocking solution (1 : 10,000). To activate peroxidase, the plates were incubated with TMB solution (Sigma) for 15 min at RT, and the reaction was stopped with 1 N sulfuric acid. Signal was detected at 450 nm using a microplate reader (Gemini Em; Molecular Devices Corporation, Sunnyvale, CA, USA). Finally, zero signal (non-coated protein well, 0.040) was excluded from all data after detection of signals.
Quality assessment of parameters
Sensitivity, specificity, positive predictive value, and negative predictive value were used in the screening tests (Oh et al., 2010a,b; Kwon et al., 2015b,d) . Sensitivity was determined as the percentage of boars that were correctly identified by the test relative to litter size. Specificity was determined as the percentage of boars that tested negative and were actually negative. The positive predictive value was determined as the percentage of boars that tested positive but actually had litter size ≥ 11.7 or litter size < 11.7 in Yorkshire and litter size ≥ 8.5 or litter size < 8.5 in Duroc. The negative predictive value was determined as the percentage of boars that tested negative but actually had a litter size ≥ 11.7 or litter size < 11.7 in Yorkshire and litter size ≥ 8.5 or litter size < 8.5 in Duroc.
Statistical analysis
The data were analyzed in SPSS (v. 18.0; Chicago, IL, USA). All data were normally distributed and variances were homogenous. Pearson correlation coefficients were calculated to determine the associations between the expression levels of RAB2A (NC), TPI (NC), NDUFS2 (NC), CALM (NC), MDH2 (NC), RAB2A (C), UQCRC1 (C), and UQCRC2 (C) and litter size. Receiver-operating curves (ROCs) were used to assess the ability of individual analyzed parameters to predict litter size ≥ 11.7 or <11.7 (based on average litter size of Yorkshire) and litter size ≥ 8.5 or <8.5 (based on average litter size of Duroc). The cut-off value was calculated by ROCs and was determined in relation to the point that showed maximum specificity and sensitivity (Oh et al., 2010a,b; Kwon et al., 2015b,d ). Student's two-tailed t test was used to compare expression levels of proteins and predicted litter sizes based on ROCs. p < 0.05 was considered a significant difference. All data are expressed as mean AE SEM.
RESULTS AND DISCUSSION
Although various conventional semen analysis methods are widely used to understand the mechanism of male fertility, it is still arguable that the conventional semen analysis methods apply to predict male fertility (Braundmeier & Miller, 2001 570 Andrology, 2017, 5, 568-577 2014; Kwon et al., 2014a Kwon et al., ,b, 2015a . It was also recognized in present study that sperm motility, motion kinematics, and capacitation status were not correlated with litter size in Yorkshire and Duroc (Tables S2 & S3) .
Expression levels of membrane proteins are moderately higher in spermatozoa compared with other cells, thus making them suitable for proteomic studies. Proteomic approaches have identified several sperm proteins that can be used to differentiate normal state spermatozoa from abnormal ones (du Plessis et al., 2011) . Recently, differentially expressed proteins in boar spermatozoa of different degrees of fertility were identified (Kwon et al., 2015b,d) . It has been reported that RAB2A, TPI, NDUFS2, CALM, and MDH2 were differentially expressed between low-and highlitter size NC spermatozoa and RAB2A, UQCRC1, and UQCRC2 were differentially expressed between low-and high-litter size capacitated spermatozoa in Landrace (Kwon et al., 2015b,d) . However, the studies were investigated without consideration of different breeds. Therefore, the aim of this study was to determine whether the predicted protein biomarkers are correlated with field fertility in commercially available boar breeds in the pig industry.
Correlation between expression level of RAB2A and litter size in different boar breeds RAB2A, a subgroup of the RAB family of proteins, is located in the acrosome and regulates a structural modification of the acrosome to induce the acrosome reaction in spermatozoa Wu & Sampson, 2014) . In our study, we observed a correlation between RAB2A expression and litter size (Tables S4 & S5 Tables S6 & S7 were established as the lower limits. The overall accuracy of using RAB2A to predict litter size in Yorkshire (average litter size: 11.7) and Duroc (average litter size: 8.5) were 90.00 and 75%, respectively, in NC (Tables S6 & S7 ). In contrast, the overall accuracies in C were 85.00 and 95.00% for Yorkshire and Duroc, respectively (Tables  S6 & S7 ). The average litter sizes of the two breeds using RAB2A as a biomarker were significantly different (Fig. 5) . It has been reported that overall accuracy for RAB2A in Landrace was 70% (NC) and 85% (C) (Kwon et al., 2015b,d) . Taken together, these results suggest that RAB2A can be applied to more accurately predict litter sizes in Yorkshire (NC) and Duroc (C) boars. Especially, RAB2A should be used to predict litter size more effectively in Duroc because of the highly increased litter size compared with other biomarkers (Fig. 5) . These results suggest that, even when using the same biomarkers, the breeds and species of the subject of application should be considered, as well as the dependence on capacitation.
Correlation between expression levels of TPI and NDUFS2, and litter size in NC spermatozoa from different boar breeds Triosephosphate isomerase is involved in glucose metabolism and provides energy to spermatozoa for capacitation and the acrosome reaction (Fraser & Quinn, 1981) . A higher expression level of TPI was identified in asthenozoospermic samples than in normospermic samples. Similarly increased expression was also reported to be associated with poor freezability in spermatozoa (Siva et al., 2010; Vilagran et al., 2013) . These results suggest that TPI plays an integral role in spermatozoa motility and male fertility. In this study, expression level of TPI (NC) was negatively correlated with litter size (Yorkshire; r = À0.715, p < 0.01, Duroc; À0.824, p < 0.01, Tables S4 & S5, Figs 2 & 3) . The cut-off expression value of TPI (NC) (Yorkshire = 0.403 and Duroc = 0.404) corresponded to the maximum sensitivity and specificity and therefore was established as the lower limit (Fig. 4, Tables S6 & S7) . The overall accuracy of TPI expression to predict litter size in Yorkshire (11.7) and Duroc (8.5) was 85.00% for both breeds (Tables S6 & S7 ). The average litter size of Yorkshire boars with TPI > 0.403 was 11.06 piglets, whereas boars with TPI ≤ 0.403 yielded litters of 12.47 piglets (p < 0.05, Fig. 5 ). The average litter size of Duroc boars with TPI > 0.404 was 7.59 piglets, whereas boars with TPI ≤ 0.404 produced litters with an average of 10.73 piglets (p < 0.05, Fig. 5 ). Therefore, it is tempting to hypothesize that TPI might be used to predict sperm fertility in NC spermatozoa of Yorkshire and Duroc. However, the overall accuracy of TPI in prediction for Landrace boar was 60% (Kwon et al., 2015b,d) .
NDUFS2 is a NADH-ubiquinone oxidoreductase subunit (Fearnley et al., 1991; Procaccio et al., 1998) . NADH dehydrogenase has been demonstrated to play a potential role in tyrosine phosphorylation and regulation of sperm motility (RuizPesini et al., 1998; Arcelay et al., 2008; Loza-Huerta et al., 2013). However, the expression level of NDUFS2 was not correlated with sperm motility in the present study (data not shown). Therefore, NDUFS2 might follow alternative mechanisms to affect male fertility. Our results demonstrated that expression of NDUFS2 was negatively correlated with litter size (Yorkshire; r = À0.633, p < 0.01, Duroc; r = À0.705, p < 0.01, Tables S4 & S5 (Fig. 4, Tables S6 & S7) . The average size of litters from Yorkshire boars with NDUFS2 > 0.307 was 11.10 piglets, whereas those with expression ≤0.307 had an average litter size of 12.43 piglets (p < 0.05, Fig. 5 ). The average size of litters for Duroc boars with NDUFS2 > 0.273 was 7.47 piglets, whereas litter size for boars with expression level ≤ 0.273 was 9.60 piglets (p < 0.05, Fig. 5 ). The overall accuracy of NDUFS2 to predict litter size was highest in Yorkshire compared with other breeds (Tables S6 & S7 ; Kwon et al., 2015b) . These results show that TPI and NDUFS2 can be used to predict male fertility regardless of breeds. In particular, TPI can be used for a more accurate prediction of male fertility in Yorkshire and Duroc than in Landrace, and NDUFS2 can be applied for prediction in Yorkshire. However, the litter size of Duroc was most highly increased when TPI was used to predict litter size (NC) in a field trial (Fig. 5) . Therefore, TPI may be the most efficient marker to predict litter size in Duroc.
Correlation between expression levels of CALM and MDH2, and litter size in NC spermatozoa from different boar breeds CALM expression (NC) in spermatozoa was positively correlated with litter size (Yorkshire; r = 0.707, p < 0.01, Duroc; r = 0.623, p < 0.01, Tables S4 & S5 , Figs 2 & 3) . The cut-off value The overall accuracy of using CALM to predict litter size of Yorkshire (11.7) and Duroc (8.5) was 80.00 and 85.00%, respectively (Tables S6 & S7) . The average litter size of Yorkshire boars with CALM < 0.110 was 11.12 piglets, whereas the average litter size for boars with CALM ≥ 0.110 was 12.56 piglets (p < 0.05, Fig. 5 ).
The average litter size of Duroc boars with CALM expression <0.496 was 7.10 piglets, whereas the litter size of boars with CALM ≥ 0.496 was 9.49 piglets (p < 0.05, Fig. 5 ). An intensive search of the literature demonstrated that CALM was localized in the acrosome region and acted as a multifunctional messenger protein to modify interactions between Ca
2+
-dependent calmodulin binding proteins (Stevens, 1983; Chin & Means, 2000) . Therefore, differential expression of CALM has potential involvement in regulation of male fertility. MDH2 is located in the mid-piece of mammalian spermatozoa and contributes to capacitation and acrosome reaction (Kohsaka et al., 1992; C ordoba et al., 2005; Hunsucker et al., 2005) . In this study, MDH2 expression in NC spermatozoa was also positively correlated with litter size (Yorkshire; r = 0.650, p < 0.01, Duroc; r = 0.691, p < 0.01, Tables S4 & S5, Figures 2 & 3) . The cut-off value for predicting litter size with MDH2 was 0.782 for Yorkshire and 0.388 for Duroc (Fig. 4, Tables S6 & S7) . The overall accuracy of MDH2 to predict litter size of Yorkshire (11.7) and Duroc (8.5) was 75.00 and 90%, respectively (Tables S6 & S7) . The average size of litters from Yorkshire boars with MDH2 < 0.782 was 11.29 piglets, whereas that for boars with MDH2 ≥ 0.782 was 12.48 piglets (p < 0.05, Fig. 5 ). The average litter size of Duroc boars with MDH2 < 0.388 was 7.11 piglets, whereas that for boars with MDH2 ≥ 0.388 was 9.70 piglets (p < 0.05, Fig. 5 ). In Landrace, the overall accuracies of CALM and MDH2 were 85 and 80%, respectively (Kwon et al., 2015b,d) . Therefore, it can be anticipated that more accurate results in the prediction of male fertility can be achieved by the evaluation of expression levels of CALM in Landrace and Duroc spermatozoa as well as MDH2 in Duroc spermatozoa.
Correlation between expression levels of UQCRC1 and UQCRC2, and litter size in spermatozoa from capacitated spermatozoa of different boar breeds
The expression levels of UQCRC1 (C) and UQCRC2 (C) of 20 sperm samples from Yorkshire and Duroc were also measured by ELISA. Interestingly, UQCRC1 (NC) from spermatozoa was negatively correlated with litter size (Yorkshire; r = À0.624, p < 0.01, Duroc; r = À0.746, p < 0.01, Tables S4 & S5, Figures 2  & 3) , whereas UQCRC2 was positively correlated (Yorkshire; r = 0.712, p < 0.01, Duroc; r = 0.739, p < 0.01, Tables S4 & S5 , Figures 2 & 3) . According to the ROC curve, the cut-off expression values of UQCRC1 and UQCRC2 were UQCRC1 = 1.377 and UQCRC2 = 0.186 for Yorkshire and UQCRC1 = 0.483 and UQCRC2 = 0.391 for Duroc. The overall accuracy of UQCRC1 to predict litter size of Yorkshire (11.7) and Duroc (8.5) was 90.00 and 75%, respectively (Fig. 4, Tables S6 & S7) . The average litter size of Yorkshire boars with UQCRC1 > 1.377 was 10.98 piglets, whereas boars with UQCRC1 ≤ 1.377 produced litters of 12.41 piglets (p < 0.05, Fig. 5 ). The average litter size of Duroc boars with UQCRC1 > 0.483 was 7.04 piglets, whereas boars with UQCRC1 ≤ 0.483 produced litters of 9.53 piglets (p < 0.05, Fig. 2 ). The overall accuracy of UQCRC2 to predict litter size for Yorkshire (11.7) and Duroc (8.5) was 85.00% for both (Tables S6  & S7 ). The average litter size of Yorkshire boars with UQCRC2 < 0.186 was 11.20 piglets, whereas that with UQCRC2 ≥ 0.186 was 12.61 piglets (p < 0.05, Fig. 5 ). The average litter size of Duroc boars with UQCRC2 < 0.391 was 7.31 piglets, whereas boars with UQCRC2 ≥ 0.391 yielded average litter sizes of 9.76 piglets (p < 0.05, Fig. 2 ). These findings indicate that UQCRC1 and UQCRC2 differentially regulate male fertility. UQCRC1 and UQCRC2 are known to be related to oxidative stress and reactive oxygen species generation (Cocco et al., 1998; Aguilera-Aguirre et al., 2009; Shibanuma et al., 2011) . Recently, several studies have reported that ubiquinol cytochrome c reductase regulates tyrosine phosphorylation during capacitation and the acrosome reaction in boar spermatozoa, and that 574 Andrology, 2017, 5, 568-577 was correlated with male fertility (Choi et al., 2008; Park et al., 2012; Shukla et al., 2013) . However, further studies are required to understand the relationships between UQCRC1 and UQCRC2 and their potential roles in sperm function and male fertility. In this study, UQCRC1 and UQCRC2 were found to be significantly correlated with litter size in different breeds of boar. In addition, the overall accuracy of these proteins was higher than 75%. Kwon et al. (2015d) reported that the overall accuracy of UQCRC1 and UQCRC2 was 90% in Landrace. In this study, the overall accuracy of UQCRC1 was 90%. Therefore, we suggest that UQCRC1 can be applied to more efficiently predict male fertility in Landrace and Yorkshire, whereas UQCRC2 is better used to provide more accurate results in Duroc.
Increased average litter sizes in Yorkshire and Duroc
The overall accuracy of biomarkers varied in different breeds. According to ROCs, the most efficient biomarkers for prediction of male fertility in Yorkshire were RAB2A (NC) and UQCRC1 (C) ( Table S6 ). For the prediction of male fertility in Duroc, RAB2A (C) was evaluated as the most efficient biomarker (Table S7) . Average increases in litter sizes of 1.41 and 2.52 were achieved after prediction of litter size using the eight fertility biomarkers in Yorkshire and Duroc, respectively. In particular, use of RAB2A (NC) led to a maximal increase in litter size of 1.57 piglets in Yorkshire (Fig. 5) . The highest increase in litter size (3.14 piglets) was found after prediction of litter size using TPI (NC) in Duroc (Fig. 5) . In this study, the range of litter size in the Yorkshire group was from 9.7 to 13.8 piglets (D = 4.1 litters), whereas the range of litter size in the Duroc group was from 5.5 to 15 piglets (D = 9.5 litters). Moreover, the increase in average litter size following use of biomarkers in Duroc (2.52 AE 0.07) was higher than that in Yorkshire (1.41 AE 0.03, Fig. 5 ). These findings demonstrate a large variation in efficiency of predictions among breeds depending on the biomarkers used. Taken together, these results suggest that, to select suitable biomarkers for prediction of litter size, the overall accuracy based on ROCs must also consider the breed. Moreover, the efficiency of the biomarkers themselves should also be considered. 
CONCLUSION
Collectively, the results of this study suggest that previously identified fertility-related biomarkers can be applied to predict male fertility in various pig breeds. However, to obtain higher quality results for prediction of litter size, the selection of biomarkers according to breeds should be considered a priority. Our findings support the notion that the activities and functions of several proteins in spermatozoa critically regulate male fertility. Therefore, these protein biomarkers might be considered to determine sperm quality and male fertility with greater accuracy, together with conventional semen analysis. Currently, use of the huge protein database of identified fertility-related proteins to predict male fertility on farms and at artificial insemination centers is inconvenient. However, the development of proteomic chips that include most of the predicted biomarkers of fertilityrelated proteins might be a step toward overcoming various problems encountered on the farm such as semen quality and diagnosis and prognosis of fertility. In addition, further studies are required to evaluate whether the discovered fertility-related biomarkers can be applied to humans and animals other than pig.
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